The human T-cell leukemia virus type 1 (HTLV-1) Tax protein activates the HTLV-1 long terminal repeat and key regulatory proteins involved in inflammation, activation, and proliferation and may induce cell transformation. Tax is also the immunodominant target antigen for cytotoxic T cells in HTLV-1 infection. We found that Tax bound to assembled nuclear proteasomes, but Tax could not be detected in the cytoplasm. Confocal microscopy revealed a partial colocalization of Tax with nuclear proteasomes. As Tax translocated into the nucleus very quickly after synthesis, this process probably takes place prior to and independent of proteasome association. Tax mutants revealed that both the Tax N and C termini play a role in proteasome binding. We also found that proteasomes from Tax-transfected cells had enhanced proteolytic activity on prototypic peptide substrates. This effect was not due to the induction of the LMP2 and LMP7 proteasome subunits. Furthermore, Tax appeared to be a long-lived protein, with a half-life of around 15 h. These data suggest that the association of Tax with the proteasome and the enhanced proteolytic activity do not target Tax for rapid degradation and may not determine its immunodominance.
Human T-cell leukemia virus type 1 (HTLV-1) is a complex human retrovirus associated with the neurological inflammatory disease tropical spastic paraparesis/HTLV-1 associated myelopathy (TSP/HAM) (19) and adult T-cell leukemia (ATL) (52) . Tax is a 40-kDa phosphoprotein encoded by the pX region in the HTLV-1 genome. It activates transcription from the HTLV-1 long terminal repeat (LTR) and is essential for viral replication (50) . Tax also induces an array of cellular genes involved in T-cell activation and proliferation. Additionally, Tax has transformation properties which are likely related to ATL (58) .
TSP/HAM patients (2 to 3% of infected individuals) as well as healthy carriers have a strong chronically activated cytotoxic T-lymphocyte (CTL) response against the virus, which is mainly directed against the Tax protein (12). In addition, several distinct peptide epitopes processed from the Tax protein may be recognized simultaneously by CTLs in an individual (34) . This vigorous immune control determines the HTLV-1 viral load in vivo, which is the main determinant of disease progression in TSP/HAM (25) .
Tax can translocate to the nucleus via an unconventional nuclear localization signal domain (48) . Tax is not itself a DNA binding protein and exerts its transactivation properties by modulating the function of various host transcription factors. It activates transcription from the viral LTR by binding to members of the CREB/ATF family, thereby enhancing their dimerization and DNA binding, and by recruiting the coactivator CREB binding protein (30, 35, 55) . Tax also activates transcription of other viral and cellular genes (e.g., interleukin-2, interleukin-2 receptor ␣, human immunodeficiency virus type 1 [HIV-1]) via the NF-B pathway (46, 47) and upregulates activation genes c-fos, erg-1, and erg-2 by interaction with serum response factor p65 SRF (16) . In HTLV-1-transformed cells, Tax is present in distinct nuclear structures (nuclear bodies) containing splicing factors, NF-B, p300, the largest subunit of RNA polymerase II, and the cyclin-dependent kinase CDK8 (7) .
The NF-B/Rel family of transcription factors activate transcription by forming dimers and binding to B enhancer sequences in the promoters of genes (54) . In a resting cell, NF-B dimers are sequestered in the cytoplasm by their interaction with members of a family of inhibitory proteins, most notably IB␣, which mask their nuclear localization signals (3, 24) . Upon induction by a variety of signals, IB␣ is phosphorylated on specific serine residues by a large (700 to 900 kDa) cytoplasmic IB kinase (IKK) complex (9, 27) . This phosphorylation marks it out for polyubiquitination and subsequent degradation by the proteasome. IB␣ degradation leads to release of NF-B, which then translocates to the nucleus to activate transcription (33) .
HTLV-1-infected and Tax-expressing cells demonstrate constitutive nuclear expression of NF-B (10, 57) . Tax appears to act at multiple levels to initiate and maintain NF-B activation. Probably most importantly, Tax induces increased IB␣ phosphorylation and degradation. Tax can be recruited to the IKK complex by its physical association with IKK␥/NEMO, an essential regulatory component of the IKK complex (11, 22, 26) . This recruitment of Tax leads to activation of the IKK␣ and IKK␤ kinases, probably with the involvement of upstream kinases MEKK1 and NIK (18, 53, 57) .
IB␣ can translocate to the nucleus where it can bind to NF-B factors, inhibit their DNA binding, and relocate NF-B to the cytoplasm (1, 2) . Tax has been shown to bind directly to the ankyrin domain of IB␣, thereby preventing its interaction with NF-B factors (51) .
Interestingly, Tax was also reported to enhance the constitutive biosynthetic turnover of IB␣ by tethering it directly to the proteasome for phosphorylation-and ubiquitin-independent degradation. It was not determined in which cellular compartment this took place (29, 37) . In addition, Tax was reported to enhance the processing of p105 into p50 by enhancing the binding of p105 to the proteasome (44) . Although several other interactions of Tax with proteins of the NF-B family have been described, the functional significance of these is not clear.
The proteasome is a multicatalytic proteinase complex implicated in the degradation of most cellular proteins (41) . The catalytic core of the proteasome is formed by the 20S proteasome, which has a cylindrical structure composed of four rings, with the outer two each containing seven structural ␣-subunits and the inner two each containing seven ␤-subunits, of which only three are proteolytically active (21) . Proteasomes have three important regulatory functions: the removal of abnormal proteins, the recognition and degradation of proteins involved in transcription regulation and cell cycle and signal transduction processes, and the proteolytic processing of proteins for presentation by the major histocompatibility complex (MHC) class I pathway (40) . In mammalian cells, proteasomes are localized in both the nucleus and the cytoplasm (38) .
Tax has been shown to associate with subunits HC9 (␣3) and HsN3 (␤7) of the proteasome (5, 37, 44) . These interactions were observed following cotransfection of cells with plasmids expressing Tax and individual proteasome subunits. The physiological relevance of this is uncertain, because the subunits may be present in proteasome subcomplexes or even independent of assembled proteasomes.
To better understand the physical association of Tax with proteasomal subunits and the consequences of this interaction for cellular processes, we have investigated the ability of Tax to bind to intact cellular proteasomes and studied the resulting proteolytic activity of the complexes.
MATERIALS AND METHODS
Plasmids, mutants, and transfections. Tax-encoding plasmid pJFE-Tax has been described (31) . Mutant plasmids were generated using a site-directed mutagenesis kit (Promega) according to the manufacturer's instructions. All new constructs were completely sequenced before use in transfections. The Tax mutants generated carried the following mutations (also see reference 49): M7, 29 293T cells were maintained in Dulbecco's modified Eagle's medium supplemented with 2 mM L-glutamine, 10% fetal calf serum, and antibiotics. Transfections were carried out using Easyfector reagent (EquiBio) and either pJFE-Tax, pJFE-Tax-mutant, or pJFE-L (empty control vector).
Immunoprecipitation, protein analysis, and antibodies. Transfected cells were harvested into buffer (150 mM NaCl, 50 mM Tris-HCl [pH 7.5], 0.5% NP-40, 0.5% Triton X-100, 1ϫ protease inhibitor cocktail [Boehringer] ) and allowed to lyse on ice for 30 min. When nuclear and cytoplasmic fractions were prepared, cells were suspended first in a solution containing 15 mM Tris-HCl (pH 7.5), 60 mM NaCl, 1 mM EDTA, and 14 mM ␤-mercaptoethanol (TNE␤ buffer) with 7.5% polyethylene glycol 6000 plus 0.05% NP-40 on ice for 30 min. Nuclei were pelleted and the cytosolic supernatant fraction was transferred. Washed nuclei were subsequently lysed in TNE␤ buffer with 1% sodium dodecyl sulfate (SDS). Lysates were precleared with fixed Staphylococcus aureus organisms at 4°C for at least 4 h and tumbled with antibody at 4°C overnight in the presence of 1% bovine serum albumin. Antibody complexes were captured on protein A-Sepharose (Bioprocessing Ltd.). For Western blotting, reduced proteins resolved by SDS-polyacrylamide gel electrophoresis (PAGE) were transferred to Hybond-C membranes (Amersham). Blots were visualized by chemiluminescence using ECL (Amersham).
For metabolic labeling of proteins, cells were starved in methionine-and cysteine-free medium for 1 h, after which 20 Ci of [
35 S]methionine-cysteine (Amersham; SJQ0079; Ͼ1,000Ci/mmol) per ml was added, and cells were incubated for 15 min, 1 h, or 2.5 h as indicated. Labeling mix was removed and chased with Dulbecco's modified Eagle's medium containing 10% fetal calf serum. Immunoprecipitations were performed as described above. Following SDS-PAGE, gels were fixed, stained with Coomassie brilliant blue, dried, and exposed to X-ray film.
MCP21 antibody recognizes the HC3 subunit of the human 20S proteasome and has been previously described (23) . Polyclonal rabbit anti-Tax antisera BR-76 and 1135TB were raised against the C-terminal Tax peptide MISPGGLE RPSEKHFRETEV. Y8 is a mouse antibody recognizing an uncharacterized epitope of Tax. MAb104 is specific for a phospho-epitope in members of the serine-and arginine-rich (SR) family of nuclear pre-mRNA splicing factors (43) . W6/32 recognizes a conformation-specific epitope in the human class I ␣ chain. LMP2 and LMP7 antisera have previously been described (4).
Immunocytochemistry and confocal microscopy. 293T cells were grown on coverslips and either not infected or infected with SFV6007 for expression of the Tax protein fused to the hemagglutinin (HA) epitope. After 18 h the cells were fixed with 4% paraformaldehyde for 10 min and permeabilized with a solution of 0.05% Triton X-100 in phosphate-buffered saline (PBS) for 10 min at room temperature. The samples were saturated with PBS containing 0.5% gelatin and 0.25% bovine serum albumin for 1 h and stained for 1 h with a 1/1,000 dilution of a rabbit polyclonal serum directed against HA (Y11 from Santa Cruz Biotechnology) (Tax staining) and 10 g of MCP21 monoclonal antibody (proteasome staining) per ml in the same saturation solution. The samples were then washed three times with PBS containing 0.25% gelatin and incubated for 1 h with a 1/100 dilution of the following secondary antibodies: goat anti-rabbit immunoglobulin G conjugated to lissamine rhodamine sulfchloride (red color for Tax) and goat anti-mouse immunoglobulin G conjugated to fluorescein isothiocyanate (green color for MCP21) (Jackson Immunoresearch). The samples were washed three times in PBS with 0.25% gelatin and mounted for analysis on a Zeiss LSM510 laser scanning confocal microscope.
Peptide cleavage assays. Peptidase activity was determined using synthetic substrates N-succinyl-LLVY-mca and N-cbz-GGR-mca (Sigma) dissolved in dimethyl sulfoxide and diluted to 100 M in 20 mM Tris-HCl (pH 7.5). Proteasome inhibitors lactacystin and calpain inhibitor I (LLnL) were included at 25 and 200 M final concentrations, respectively, where indicated. Proteasomes were immunoprecipitated with MCP21 or W6/32 (negative control) and added to a total of 250 l of reaction mix. After a 1-to 2-h incubation at 37°C, 50-l samples were taken and fluorescent measurements of duplicate samples were taken at an excitation wavelength of 370 nm and an emission wavelength of 460 nm on a spectrofluorometer. Values of the negative controls were subtracted and activity was quantified relative to the amount of proteasome in the immunoprecipitated proteasome preparation. This was determined by densitometry of SDS-PAGE Western blots with MCP21.
RESULTS
Tax rapidly translocates to the nucleus after synthesis. Tax is a 40-kDa phosphoprotein which is localized predominantly in the nucleus of infected cells (7). Tax does not contain a highly basic nuclear localization signal, but instead its N-terminal 48 amino acids comprise a functional nuclear localization domain (48) . In transiently transfected human 293T cells, Tax translocated to the nucleus within less than 15 min of synthesis (Fig. 1A) . Analysis of steady-state levels of Tax in both fractions by immunoblotting revealed abundant Tax in the nuclear fraction, whereas Tax was undetectable in the cytoplasmic fraction (Fig. 1B) . Tax was further shown to form characteristic nuclear bodies in the nucleus (see Fig. 3 ) (7). Nuclear and cytoplasmic fractionation was confirmed by Western blotting of lysate fractions using a monoclonal antibody against nuclear SR pre-mRNA splicing factors (Fig. 1C) . Together, these results show that Tax rapidly translocates to the nucleus after synthesis and that at a steady state Tax is almost exclusively localized in the nucleus.
Tax physically associates with nuclear proteasomes. Previous studies had shown that Tax binds to the proteasomal ␣-subunit HC9 (␣3) and (noncatalytic) ␤-subunit HsN3 (␤7) (5, 44) . These studies were performed by ectopically expressing these subunits in the cytosol of COS7 cells. It was unclear from these studies whether the expressed subunits were incorporated into mature 20S proteasomes and whether Tax binding to assembled proteasomes occurred. To investigate this, we immunoprecipitated proteasomes from Tax-transfected or control-transfected 293T cell lysates using the monoclonal HC3(␣2)-subunit-specific antibody MCP21. The immunoprecipitated proteasomes were electrophoresed and immunoblotted with a Tax-specific antibody. Tax protein was clearly detected in proteasome immunoprecipitations from whole-cell lysates of Tax-transfected cells ( Fig. 2A) . Immunoprecipitation of intact proteasomes by MCP21 antibody was confirmed in metabolically labeled cell lysates by the presence of a characteristic stack of proteins of 22 to 32 kDa which is typical of the 20S proteasome (36) and indicated an equivalent efficiency of proteasome recovery from Tax-transfected and control cells (Fig. 2B) .
As Tax is predominantly a nuclear protein, we prepared nuclear and cytoplasmic fractions from cell lysates and repeated the proteasome immunoprecipitations on fractionated material. Immunodetection of these preparations with Taxspecific antibody showed that Tax was restricted to proteasomes from the nuclear fraction (Fig. 2C) . Western blotting of the immunoprecipitates with MCP21 confirmed that proteasomes from both fractions were immunoprecipitated (Fig. 2D) .
Reciprocal experiments on whole-cell lysates revealed that proteasome proteins were not detected in Tax immunoprecipitates (data not shown). As the Tax-specific antibody was raised to a C-terminal peptide in Tax, this may suggest that Tax binds the proteasome via a C-terminal domain. Alternatively, it may indicate that only a small proportion of the total amount of Tax in the nucleus is bound to proteasomes. A calculated comparison of the amount of Tax detected in proteasome immunoprecipitates with the total amount detected in whole nuclear fractions supports this suggestion. Similar results were obtained using a Tax antibody (Y8) recognizing a distinct but uncharacterized epitope in Tax (data not shown).
If Tax and proteasomes interact in the nucleus, then at least partial colocalization of the two components in the nucleus would be expected. To address this, we performed immunofluorescence confocal microscopy experiments. We detected proteasomes in both the cytoplasm and the nucleus (Fig. 3B) , with especially strong detection of proteasomes in the nuclear compartment, as has previously been observed for cultured cells (39) . Tax expression did not obviously alter the distribution pattern of proteasomes (Fig. 3F) . Tax was localized in the nucleus, both in defined nuclear bodies and as more diffuse staining (Fig. 3G) . Superimposition of the two staining patterns revealed a partial colocalization of Tax with nuclear proteasomes outside the nuclear bodies (Fig. 3H) .
Together, these data indicate that Tax associates with assembled nuclear proteasomes. This interaction may be transient, with only a limited amount of Tax associated with proteasomes at any one time.
The N and C termini of Tax play a role in proteasome binding. To determine which regions of the Tax protein are important for proteasome binding, we generated several Tax mutants that have been previously described (49) . All mutants were tested for their ability to coimmunoprecipitate with proteasomes from whole-cell lysates (Fig. 4) ), a mutant localized in the cytoplasm, indicated that nuclear localization is not required for proteasome binding. The C-terminal mutant M47 ( 319 L 320 L3RS) not only maintained proteasome binding capacity as a single mutant, it was also able to compensate in cis for the abrogation of proteasome binding by the M9 and M12 mutations, as shown by the double mutants M9M47 and M12M47. Together, these data indicate that both the N and C termini of Tax play a role in proteasome binding. Nuclear localization appears not to be a prerequisite for proteasome binding.
Tax expression stimulates proteolytic activities of the 20S proteasome. The proteolytic properties of the 20S proteasome are modulated by incorporation of the gamma interferon-inducible subunits LMP2, LMP7, and MECL-1 and attachment of the PA28 activator to the end(s) of the 20S proteasome complex (14, 17, 20) . Although up to five different activities have been described for proteasomes, the chymotrypsin-like (cleavage after hydrophobic residues), trypsin-like (cleavage after basic residues), and caspase-like (cleavage after acidic residues) hydrolyzing activities represent the three main types (13) . The chymotrypsin-like activity is thought to determine the rate of protein breakdown by the proteasome (28) . Given the strong association of Tax with nuclear proteasomes, we wished to establish if this association altered their proteolytic activity. Prototypic fluorogenic peptide substrates N-succinyl-LLVY-mca and N-cbz-GGR-mca were used to assay chymotryptic and tryptic activity, respectively, in immunoprecipitated proteasome preparations from whole-cell lysates. Under conditions which allowed coprecipitation of Tax with proteasomes, increased activity was seen with both substrates by proteasomes purified from Tax-transfected cells compared with control cells (Fig. 5A and C) . The relative amounts of proteasome in the different samples were determined by separating the immunoprecipitates by SDS-PAGE after the cleavage assay and immunoblotting with MCP21 antibody to detect the HC3 subunit. The bands were quantified and used to normalize the fluorescence measured in the cleavage assay ( Fig. 5B and D) . Cleavage of substrates was abrogated by the addition to assays of the proteasome inhibitors lactacystin or calpain inhibitor I (LLnL), indicating that the proteolytic activity we measured was indeed proteasomal (Fig. 5A and C) . Because the stoichiometry of the Tax-proteasome interaction is not known, no quantitative inferences can be made from the cleavage experiments. However, given that our previous data suggested that only a fraction of proteasomes were bound to Tax at one time (see Fig. 2 and 3 and text) , detection of any enhancement of cleavage by immunoprecipitated proteasomes is significant.
We also attempted to determine the cleavage activities of proteasomes immunoprecipitated from nuclear and cytoplasmic fractions. However, reproducibility of these data from fractionated material was poor and we were unable to draw conclusions about the comparative cleavage activities. This may reflect the different conditions used during lysis and preparation of nuclear and cytoplasmic fractions (data not shown).
The Tax-specific enhancement of the chymotryptic and tryptic activities we observed is similar to that reported for proteasomes containing LMP2 and LMP7 subunits (14, 17) . Taxinduced expression and substitution of these subunits in cellular proteasomes could explain our observations. However, LMP2 and LMP7 proteins were not detected by Western blot analysis of lysates from Tax-transfected or control 293T cells (Fig. 5E and F) , indicating that this was not the case. Similarly, Tax did not induce expression of the MECL-1 subunit (data not shown).
Tax is a long-lived protein. The observed association of Tax with nuclear proteasomes and the stimulation of their catalytic activity suggested that Tax may affect nuclear proteasomal proteolysis. Tax is strikingly immunodominant as a cytotoxic T-cell target (12) , and peptides generated for presentation by MHC class I molecules are typically derived from proteasomal processing of intracellular proteins (41) . Therefore, one might expect that Tax is destined for rapid degradation by nuclear proteasomes. However, we found that in transfected 293T cells Tax is a stable, long-lived protein with a metabolic half-life of 15 h (Fig. 6) . No significant change was observed in the presence of the proteasome inhibitor calpain inhibitor 1 (data not shown). A similar stability of Tax was seen in the HTLV-1-transformed cell line MT2 (data not shown). This suggests that the association of Tax with the proteasome does not target it for rapid degradation and may not determine its immunodominance.
DISCUSSION
In this study, we observed that the HTLV-1 transactivator protein Tax translocated into the nucleus very rapidly after synthesis. At steady state, nuclear Tax accounted for almost all of the Tax expressed in the cell, although we cannot exclude a minor fraction of Tax present in the cytosol, where it is synthesized. In the nucleus it was strongly associated with assembled nuclear 20S proteasomes and we could not detect Tax bound to cytoplasmic proteasomes.
The mechanism of proteasome transport into the nucleus is incompletely understood. Several of the ␣-subunit components contain highly conserved short nuclear localization sequences, and nuclear pore complexes appear able to translocate large protein complexes like proteasomes (15, 32, 38) . However, subunits might also be transported individually or in subcomplexes and may assemble intranuclearly (39) .
It has been shown that proteasomes diffuse rapidly throughout the nucleus and cytoplasm and throughout the cell during cell division. Proteasomes are contained in the nucleus upon nuclear membrane reassembly after cell division and they are transported over the nuclear membrane very slowly and unidirectionally from the cytoplasm to the nucleus (38) . As Tax is efficiently translocated to the nucleus after synthesis, it is unlikely that it binds to preassembled proteasomes in the cytosol and the whole complex is shuttled into the nucleus. In addition, the fact that a cytoplasmic Tax mutant (M7) was still able to bind to the proteasome indicated that proteasome binding is not sufficient for nuclear translocation. It also shows that nuclear translocation is not necessary for proteasome binding, rendering it unlikely that a nuclear cofactor is necessary for proteasome binding. It remains possible that Tax binds to one or more independent proteasome components prior to nuclear translocation and facilitates this process for subunits lacking a nuclear localization signal sequence. However, the predominance of proteasome-Tax complexes in the nuclear compartment probably reflects the efficient translocation of Tax, independent of proteasome, into the nucleus following synthesis. Two mutations in the Tax N terminus (M9 and M12) abrogated the ability of Tax to bind the proteasome. A second mutation in the C terminus (M47) was able to restore the proteasome binding lost by the M9 or M12 mutation. The M47 mutation on its own was reported to result in a twofold enhancement of binding of Tax to the HsN3 and HC9 subunits in a two-hybrid assay (44). We did not see an enhancement of coimmunoprecipitation of M47 with proteasomes (Fig. 4) , which might indicate that our assay is not sensitive enough to detect such a difference or that Tax binding to the assembled proteasome is different from that observed with single subunits (see below).
However, it is possible that both the N and C termini of Tax bind to the proteasome and that enhanced binding affinity of the C-terminal domain caused by the M47 mutation can overcome the loss of binding affinity of the N-terminal domain caused by the M9 and M12 mutations. Alternatively, the M47 mutation may affect the folding of the N-terminal domain and therefore affect proteasome binding through an indirect effect on the N-terminal domain, rather than by a direct interaction with the proteasome.
It also remains a possibility that the level of phosphorylation of Tax plays a role in determining the strength of the association (8) .
The stoichiometry of the Tax-proteasome interaction is unknown. It remains possible that Tax binds to other subunits in addition to (or instead of) the two noncatalytic subunits men- The amounts of 20S proteasome present in the immunoprecipitates used for the activity measurement (see panels A and C) were determined by separation by SDS-PAGE followed by Western blotting with MCP21 antibody to detect the HC3 subunit. Amounts were quantified by densitometry and used to normalize the fluorescence measured in the cleavage assay. C, control cells; T, Tax transfectant. (E, F) Total cell lysates were resolved by SDS-PAGE followed by Western blot analysis using rabbit polyclonal antibodies to LMP2 (E) or LMP7 (F). Human .45 cells (.45) expressing LMP2 and LMP7 were used as positive controls for expression of these subunits. Tax, Tax-transfected 293T cells; C, control transfected 293T cells. Tax does not induce expression of LMP2 and LMP7. tioned earlier. In addition, Tax can form dimers which could increase the number of Tax molecules bound to the proteasome at any one time (35) . Our immunoprecipitation and confocal microscopy data indicate that a relatively small proportion of Tax molecules is associated with proteasomes at any one time.
The fact that two different proteolytic activities (the chymotryptic and tryptic activities) within the proteasome were enhanced by Tax suggests that the effect is on the whole proteasomal complex rather than on single subunits. The intimate contacts seen between adjacent subunits in the 20S proteasome crystal structure (21) are consistent with a Tax effect being transferred to the whole structure, perhaps by inducing an altered conformation. Activation might be achieved through changes in the catalytic sites or by improving the entry or translocation of substrates in the proteasome. The proteasome regulator PA28 modifies the activity of the proteasome in a similar way by inducing a conformational change of the 20S proteasome which results in increased activity (56) .
Although the function of the Tax-proteasome complex is unclear, a likely possibility is a regulatory role in transcriptional control. IB␣ can translocate to the nucleus to remove NFB from the DNA, thereby inhibiting transcriptional activation (1, 2) . In a Tax-expressing cell the cytoplasmic pool of IB␣ is quickly degraded by IKK complex-mediated phosphorylation of IB␣ (6, 11, 53, 57) . The nuclear pool of IB␣ is, however, protected from this induced signaling pathway, due to the cytoplasmic localization of the IKK complex (42) . Tax was reported to increase the constitutive phosphorylation-and ubiquitination-independent turnover of IB␣ by enhancing the binding of IB␣ to proteasome subunits (37) . It was not determined in which cellular compartment this took place. We propose that Tax mediates enhancement of constitutive phosphorylation-and ubiquitin-independent degradation of IB␣ by tethering nuclear IB␣ to nuclear proteasomes and stimulating proteasomal proteolytic activity. This could deplete the nucleus of IB␣ and contribute to the constitutive activation of NFB seen in Tax-expressing cells. This in turn could lead to cellular activation and proliferation, as seen in HTLV-1 infection, and could ultimately contribute to cell transformation and the development of ATL (58) .
The CTL response against HTLV-1 determines the equilibrium viral load, which is the main determinant of the risk of developing TSP/HAM (25) . Tax is the immunodominant antigen in the CTL response against HTLV-1 and multiple epitopes may be recognized simultaneously within an individual (12, 34) . The proteasome has been implicated in the generation of the majority of peptides for presentation via the MHC class I pathway (40) . After our findings that Tax associates with nuclear proteasomes and stimulates proteasomal proteolytic activity, it was surprising to find that Tax was such a stable protein (half-life of Ϸ15 h). Its proximity to the proteasome apparently doesn't target it for rapid degradation and may not determine its immunodominance. Recently it was reported that a large proportion of newly synthesized proteins (called defective ribosomal products) is rapidly degraded by the ubiquitin-proteasome pathway and that the degradation products can be presented by class I molecules. Specifically, the HIV Gag protein is a long-lived protein, but a large proportion of newly synthesized Gag proteins was subject to ubiquitinproteasomal degradation (45) . Therefore, Tax peptide epitopes for presentation via the MHC class I pathway may also be mainly derived from Tax defective ribosomal products.
